Abstract: A systematic study of the effect of composition on the thermo-physical properties of the binary mixtures of 1-methyl-3-pentyl imidazolium hexafluorophosphate [MPI][PF 6 ] with poly(ethylene glycol) (PEG) [M w = 400] is presented. The excess molar volume, refractive index deviation, viscosity deviation, and surface tension deviation values were calculated from these experimental density, ρ, refractive index, n, viscosity, η, and surface tension, γ, over the whole concentration range, respectively. The excess molar volumes are negative and continue to become increasingly negative with increasing temperature; whereas the viscosity and surface tension deviation are negative and become less negative with increasing temperature. The surface thermodynamic functions, such as surface entropy, enthalpy, as well as standard molar entropy, Parachor, and molar enthalpy of vaporization for pure ionic liquid, have been derived from the temperature dependence of the surface tension values.
Introduction
Ionic liquids (ILs) are a group of organic salts that result from the combination of several organic cations and inorganic anions, and they may be liquid at room temperature. This led to the discovery of the first room temperature molten salt in 1914, which was composed of an ethylammonium cation and nitrate anion and had a melting point of 12 °C [1] . The chemical and physical properties of ILs are interesting for several reasons, such as their high thermal stability, high conductivity, low density, extremely low vapor pressure, large electrochemical window, and their non-aqueous and non-toxic nature [2] [3] [4] [5] [6] [7] . These properties make ILs ideal for many applications including their use as reusable solvents in organic reactions, and as electrolytes in batteries and solar cells [8] [9] [10] [11] [12] [13] . In order to use such valuable materials for different commercial applications, though, the information about the thermodynamic and thermophysical properties of ILs and mixtures with other compounds are essential [14] . These properties, namely: viscosity, density, activity coefficients, excess molar volume, and refractive index, along with their thermochemical behavior are essential for the efficient design of industrial equipments. Moreover, the study of the physical properties of mixtures with ILs and other solvents is important because mixtures may be more appropriate than pure IL in some applications. For instance, it has been found that water and ethanol both increases the electrical conductivity substantially and decreases the viscosity appreciably [15] , which may assist in improving electrodeposition using ILs.
Liquid-liquid equilibria of some two-phase systems containing selected ILs and salts has been studied in recent years [16, 17] . For instance, Zhang et al. [18] determined the physical properties of the binary system of 1-ethyl-3-methyl imidazolium tetrafluoroborate +H 2 O. Their results show that the densities and viscosities are strongly dependent on the water content and weakly dependent on the temperature. Zafarani-Moattar investigated volumetric properties of 1-butyl-3-methyl imidazolium based ionic liquids in water and organic solvents [19] . Tian et al. [20] reported the density and viscosity of mixtures consisting of methyl formate, methyl acetate, ethyl formate, and acetone with 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim] [BF 4 ]) IL over the entire composition range at 298.15 K. However, to our knowledge, few reports are available on the physical properties of the binary system {ILs + polymer solution}. The design of entirely liquid systems composed of only ILs and polymers, with a very low vapor pressure over a wide range of temperatures, may be of high interest for particular applications.
Poly(ethylene glycol) (PEG) refers to an oligomer or polymer of ethylene oxide. PEG of various molecular weights have been widely used in processes across many industrial sectors, as a result of being non-toxic, biodegradable, inexpensive, widely available, and with a very low volatility [21, 22] . Low molecular weight PEG (M w = 400) is liquid at room temperature, making it easy to combine with ILs, generate solvent systems, and thus use in advanced, environmentally friendly processes [22] .
In an attempt to explore the nature of interactions occurring between the mixing components, we report here the density, viscosity, refractive index, and surface tension of the binary mixture PEG400 and 1-methyl- V and the viscosity deviations Δη were calculated and correlated with composition data using Redlich-Kister polynomials. Using the quasi-linear surface tension variation with temperature observed for the pure IL, the surface thermodynamic properties, such as surface entropy, surface enthalpy, Parachor, the standard molar entropy, and molar enthalpy of
) were estimated. The surface tension deviations Δγ of the binary system {IL + polymer} solution were also investigated.
Results and Discussion

Neat Components
The structure of PEG (polyethyleneglycol), M w = 400 and 1-methyl-3-pentyl-imidazolium hexafluorophosphate ([MPI][PF 6 ]) are shown in Figure 1 . The thermophysical properties of neat IL [MPI][PF 6 ] and PEG400 were measured from 301 to 359 K, and are presented in Table 1 . In general, the density decreases with temperature for both neat substances, the correlation with temperature can be expressed using the following linear equation:
The characteristic parameters A and B were determined from the intercept and slope of the corresponding lines, and the best linear fitting A and B are listed in Table 2 . 
The viscosity in IL electrolytes is expected to vary significantly with temperature (lower viscosity at higher temperatures). As shown in Table 1 6 ] and PEG400 in the temperature range of 301 to 359 K were fitted using the Vogel-Tamman-Fulcher (VTF) equation [23] :
where T is the absolute temperature and η o , B, and T o are adjustable parameters. The best-fit η o (cP), B (K), and T o (K) parameters are given in Table 2 . Neat [MPI][PF 6 ] and PEG400 were fit very well by the VTF model over the temperature range studied. 6 ] was calculated from the molar mass (M) and experimental density (ρ) and using:
The molar refraction (R m ) of the liquid was calculated from experimental data of both molar volume (V m ) and the refractive index (n D ) at the studied temperatures using the Lorentz-Lorenz relation [25] : 6 ] is in agreement with the fact that it has the cation with the longer alkyl chain [27] . The surface tension of PEG400 is 43. 8 In terms of Glasser's theory [30, 31] [32] , which has the smallest lattice energy among alkali halides.
Figure 2. Plot of γ versus T of the [MPI][PF 6 ] ( ) and PEG400 ( ).
The Parachor method, slightly modified by Sugden [33] , has been used to calculate the Parachor, P, by the following equation:
where M w is the molar mass, γ is the surface tension, and ρ is the density. (298 K) of neat IL was estimated by Kabo's empirical equation [35] : calculated from Equation 10 was found to be 139.8 kJ mol −1 at 298.15 K.
Binary System
Effect of Composition on Density and Excess Molar Volume
The densities of the binary mixture PEG400 + [MPI][PF 6 ] were obtained as a function of PEG400 content at various temperature. As shown in Figure 3 and Table 4 , the density decreases with Table 4 and shown in Figure 4 . From the results obtained, it can be seen that the excess molar volume is negative with the maximum negative value approximately at x 1 = 0.48, and the absolute values of the excess volume increase with increasing temperature. The negative value for the binary system is due to the fact that the interaction through hydrogen bonding between the imidazolium ring of [MPI][PF 6 ] and the oxygen lone pair of PEG400 is strong and therefore has tightened the structure of the mixture; the filling effect of PEG in the interstices of ILs and the ion-dipole interactions between the PEG polar compound and the imidazolium ring of the ILs are also the contributors to the negative values of the molar excess volumes [36, 37] . V and coefficient of thermal expansion α, can be calculated and correlated to characterize the influence of temperature and composition of the mixture on the properties. The density values as a function of the temperature can be used to calculate the thermal expansion coefficient or volume expansivity (α), using the following equation: The excess volume expansivity was calculated by the equation:
where id 1
 is an ideal volume fraction given by the following relation:
in which V mi stands for a molar volume of neat component i.
Typical concentration dependencies of excess expansivity are given in Figure 5 for the {PEG400 (1) + [MPI][PF 6 ] (2)} binary system, the negative volume expansivity increase with increasing temperature is observed. The curves are asymmetrical, with the minimum located at PEG400 mole fraction about 0.3.
Effect of Composition on Viscosity Deviation
From the experimental viscosities of the binary mixture, the viscosity deviations Δ (mPa· s) was defined as:
where x 1 and x 2 are the mole fractions of PEG400 and [MPI][PF 6 ], respectively, and ,  1 , and  2 are the experimental dynamic viscosities (mPa s) of the mixture, PEG400, and the IL, respectively. Experimental dynamic viscosity (η) and viscosity deviation (Δη) for the binary system studied are listed in Table 6 . The experimental viscosity deviations at various temperatures are plotted in Figure 6 . The mixture of PEG400 with [MPI][PF 6 ] shows negative deviations from ideality. The negative viscosity deviations decrease with increasing of temperature. This can be attributed to the specific interactions in mixtures, typically H-bonds, break-up as the temperature increases. The negative viscosity deviation reaches a maximum value at x 1 = 0.2 (PEG400 mole fraction). The viscosity deviation depends on molecular interactions as well as on the size and shape of the molecules [39] . 
Effect of Composition of Deviations in the Refractive Index
Refractive indices n for all the {PEG400 + [MPI][PF 6 ]}binary mixtures as a function of composition over the whole mole fraction range at T = 293.15 K are given in Table 7 . Since deviation of n from ideality ∆ Φ n correlates well with E m V and physically interpretable as the deviation of reduced free volume from ideality when calculated on volume fraction basis [40] as:
where Φ 1 and Φ 2 are the volume fractions of component 1 (PEG400) and
, and ∆ Φ n for the binary mixture are tabulated in Table 7 . The ∆ Φ n values for all the binary mixtures are plotted in Figure 7 as a function of volume fraction over the whole composition region. ∆ Φ n values are asymmetric and positive over the entire composition range. 
Effect of Composition on the Deviations of Surface Tension
The surface tension deviations ∆γ (mN m −1 ) were calculated from the following equation:
where x 
Redlich-Kister Equation for Binary System
The binary excess property ( E m V ) and deviations (Δ, ∆ Φ n, and Δγ) at several temperatures were fitted to a Redlich-Kister-type equation [41] :
where ΔY (Y E ) represents Table 8 , where the tabulated standard deviation σ [42] is defined as:
where m is the number of experimental data points and n is the number of estimated parameters. The subscripts "exp" and "cal" denote the values of the experimental and calculated property, respectively. As shown in Table 8 
Experimental Section
Materials
1-methylimidazole (99%, Acros), 1-bromopentane (98%, Acros), and potassium hexafluorophosphate (99%, Showa) were obtained from commercial suppliers and used without further purification. Poly(ethylene glycol) [M w = 400] was purchased from Showa Chemical Industry Co., Ltd, Japan.
Measurements
The density of the ionic liquids was measured gravimetrically with a 1 mL volumetric flask. Values of the density are ±0.0001 g mL −1 . The viscosity (η) of the IL was measured using a calibrated 6 ]. The Br -contents were confirmed with ICP-MS, being below 0.5% w/w.
Conclusions
Experimental density, dynamic viscosity, refractive index, and surface tension characterization for the binary system {PEG400 (1) + [MPI][PF 6 ] (2)} were presented as a function of the temperature. The excess molar volume, excess volume expansivities, viscosity deviation, and surface tension deviation values, were calculated from these experimental data. The excess molar volume and excess volume expansivities are negative and continue to become increasingly negative with increasing temperature, whereas viscosity and surface tension deviation are negative and become less negative with increasing temperature. The refractive index was measured at 293.15 K for the binary system; the deviations of the refractive index have a positive value in the whole composition range. The fourth-order Redlich-Kister polynomial equation was applied successfully for the correlation of the excess molar volumes, viscosity deviation, refractive index deviation, and surface tension deviation, and the estimated coefficients and standard deviation values were also presented. The use of mixed ILs with poly(ethylene glycol) appears to be a promising approach for academic and industrial applications.
